Introduction
Fine-grained steel has attracted great interest because it has a good combination of strength and toughness. [1] [2] There are two approaches for grain refinement in low carbon steel, the austenite-ferrite phase transformation based on various thermo-mechanical processes (TMP) of austenite [4] [5] and the recrystallization of ferrite itself corresponding to the warm deformation of ferrite. 3) In the approach through austenite-ferrite transformation, the key role in grain refining is to increase the number of ferrite grains generated in a unit volume of austenite. Dynamic restoration process in the deformed austenite is closely linked to the introduction of substructures, which is desirable for increasing the number of ferrite grains, in the deformed austenite. However it is very difficult to characterize the dynamic restoration process in the austenite of the low carbon steel because the transformation of austenite to ferrite or to martensite while cooling to room temperature destroys the resultant substructure in the deformed austenite. Hence, austenitic stainless steels or Ni alloy have been used as reference alloys for the study on the resultant microstructure in the deformed austenite of low carbon steel.
Luton et al. 6) and Hughes et al. 7) studied the hot deformation behavior of austenite by the torsion test with several series of Ni-Fe alloy and Ni alloy. Belyakov et al. 8) studied the restoration structures of austenitic stainless steel through the compression test at a strain rate of less than 10 Ϫ1 /s. Recently, Hurley et al. 9) and Adachi et al. 10) studied the deformation structures of the austenite through high temperature compression test using Ni-30Fe alloys. The staking fault energy (SFE) of Ni-30Fe alloy was reported to be similar to that of the austenite in the low carbon steel. 11) Dynamic restoration process taking place in deformed austenite depends on processing parameters such as strain, strain rate and deformation temperature, and material parameters such as staking fault energy and grain size of materials. However, there have been few studies that surveyed the dynamic restoration process by changing these parameters systematically within a broad range. [6] [7] [8] [9] [10] The present work aims to investigate the dynamic restoration process and its resultant microstructures of austenite under various conditions of strain, strain rate and deformation temperature for Ni-30Fe alloy. Table 1 shows the chemical composition of a 50 kg ingot of the Ni-30Fe alloy that was vacuum melted in a laboratory. The ingot was re-heated to 1 473 K and was hot-rolled to make a plate with a size of 60Tϫ550Lϫ140W (mm). The final rolling temperature was 1 243 K. Rectangular speci- Change in deformed microstructure with dynamic restoration at various strain, strain rate and deformation temperature was examined for a Ni-30Fe alloy during hot deformation. A screw embedded specimen is used for quantitative evaluation of the distribution of compressive strain in the hot compressed specimen. A typical microstructural evolution due to dynamic recrystallization is observed at a deformation temperature of 1 173 K at a strain rate of 10/s and at 1 073 K and 1 173 K at a strain rate of 0.1/s. On the other hand, when the compressive strain exceeds 3.2, a characteristic microstructure consisting of equiaxed recovered grains is developed at a deformation temperature of 973 K at a strain rate of 0.1/s and at deformation temperatures of 973 K and 1 073 K at a strain rate of 10/s. The interpenetration of the serrated austenite grain boundaries, so-called geometric recrystallization, is thought to be responsible for microstructural evolution of the equiaxed recovered grains.
Experimental Procedure
KEY WORDS: Ni-30Fe alloy; austenite; deformation; microstructure; recovery; recrystallization. mens for compression test were machined from the hot rolled plate. They were 12 mm in thickness, 15 mm in width, and 20 mm in length, and the longitudinal and the normal directions were parallel and perpendicular to the rolling direction, respectively. The compression was applied in the normal direction. According to FEM result by Inoue et al. 12) with this specimen geometry, plane strain condition is nearly maintained along specimen center during deformation. Figure 1 shows the paths in the hot compression test. Hot compression tests were performed by using a hot deformation simulator at strain rates of 0.1/s and 10/s and at deformation temperatures of 973 K, 1 073 K, and 1 173 K. These are frequently referred as the TMP conditions in the austenite phase for low carbon steels. The specimen was heated to each deformation temperature at a heating rate of 5 K/s, held for 5 s to make the specimen temperature uniform, and then deformed with nominal reduction ratio of 50% and 75%. To freeze the deformation structure of the austenite, the specimen was quenched to room temperature by water jet immediately after the deformation. Metallographic analysis was performed with an optical microscope and a TEM. Microstructural observation was carried out on a section cut through the center of the specimen parallel to the compression axis, as shown in Fig. 1 .
Inhomogeneous distribution of the strain occurred in a hot compressed specimen. Therefore, an exact evaluation of the strain distribution from the specimen surface to the center is indispensable in the hot compression test. On the other hand, the inhomogeneous distribution of the strain has an advantage that different deformation structures corresponding to different amounts of strain can be attained in a single compressed specimen. In the present study, a screw embedded specimen was used to evaluate the strain distribution along the compression axis of specimen.
13) The screw was made of the same material as the specimen. The diameter and the pitch interval of the screw were 3 mm and 0.5 mm, respectively. For the hot compressed specimen with a nominal reduction ratio of 50% or 75%, the change of the pitch interval was measured with a microscope and then the strain along the compression axis was evaluated. The distribution of the compressive strain in usual tested specimens was assumed to be the same as that in the screw embedded one.
Results

Strain Distribution in Screw Embedded Specimen
The compressive strain distribution along the compression axis for the screw embedded specimen deformed at 1 073 K at a strain rate of 10/s is given in Fig. 2 . With a nominal reduction ratio of 75%, the compressive strain ranges from almost zero at the specimen surface to a maximum value of 4.9 at the center of specimen, corresponding to a reduction ratio of 99.3%. The compressive strain at the 0.05 mm off-centered position is evaluated to be 3.2. With a nominal reduction ratio of 50%, the maximum compressive strain at the specimen center is about 2.1, and the compressive strain at the 0.5 mm and 1 mm off-centered positions is 1.04 and 0.55, respectively. Since the distribution of the compressive strain was not significant dependent on deformation temperature ranging between 973 K and 1 173 K and on strain rate ranging between 0.01/s and 10/s, 14) the strain distribution in Fig. 2 is assumed to be applicable to the specimens deformed at the other deformation temperatures and strain rates.
In the present study, five positions corresponding to the compressive strain of 0.55, 1.04, 2.1, 3.2, and 4.9 were chosen for analyzing the dynamic restoration process and its resultant microstructure in the Ni-30Fe alloy. The measured strain value seems to be overestimated to some extent at the very center of the heavily compressed specimen; however, they were used in this study. Figure 3(a) represents an initial microstructure of the specimen that was as hot-rolled one. The initial grain size of the austenite is about 140 mm. Figure 3(b) shows the grain size of undeformed part of the specimen that was hot compressed according to the TMP path in Fig. 1 . The grain size of undeformed part of the specimen changes little by re-heating for the deformation temperature, therefore, the grain growth by re-heating for hot deformation is negligible. Figure 4 shows a change of the resultant microstructure with compressive strain when the specimen was deformed at 1 173 K and at a strain rate of 10/s. When the compressive strain is 0.55, only the elongated deformed grains exist. When the compressive strain reaches 1.04, some equiaxed grains start to appear mostly at the vicinity of the grain boundaries. Finally, when the compressive strain is larger than 2.1, fully equiaxed structures can be seen. Figure 5 shows the changes of the resultant microstructure with deformation temperature when the specimens were compressed to strains of 2.1 and 4.9 at a strain rate of 10/s. The fully equiaxed microstructure evolves at 1 173 K when the compressive strain is larger than 2.1. The fully equiaxed microstructures mentioned above seem to be the typical case due to dynamic recrystallization.
Microstructural Evolution of Ni-30Fe Alloy during Hot Deformation
On the other hand, the equiaxed recrystallized structure is partially observed along grain boundaries with a strain of 2.1 at 1 073 K, but a characteristic microstructure different from the typical recovered or recrystallized structure is observed with a compressive strain of 4.9, as shown in Fig.  5(d) . In general, the dynamic recovered structure mainly consists of pancaked grains of which elongation direction are perpendicular to the compression axis while the dynamic recrystallized structure has polygonal or equiaxed grains for the most part. Though there are a considerable number of equiaxed grains like the recrystallized one in Fig. 5(d) , severe irregularity of the boundaries suggests that its characteristics are different from that of the dynamically recrystallized grain structure.
At the deformation temperature of 973 K, a heavily deformed microstructure is observed without any equiaxed grains with a compressive strain of 2.1. However, with a compressive strain of 4.9, the characteristic microstructure similar to that in Fig. 5(d) is observed. The size of the equiaxed grains is smaller than that evolved at 1 073 K, but the other features are similar presumably due to the identical microstructural evolution process.
TEM micrographs manifest the differences between the dynamic recrystallized structure and the characteristic microstructure. Figure 6 represents both TEM micrographs, namely pictures of the specimen deformed at 1 173 K and 973 K with the compressive strain of 4.9. Contrary to a dynamic recrystallized (DRX) microstructure in Fig. 6(a) , a complicated substructure of the deformation bands and dis- The characteristic microstructure shown in Fig. 6 (b) indicates that dynamic recovery rather than dynamic recrystallization progresses during the process. A typical microstructure dynamically restored only by recovery generally have elongated grains as in Fig. 5 (e) at a low magnification, and they consist of dislocation cells or subgrains at a high magnification by TEM. In this respect, such microstructure can be recognized as recovered equiaxed grains (REG). Figure 7 shows the change of the Vickers hardness with compressive strain of the specimens deformed at various temperatures and at a strain rate of 10/s. When the deformation temperature is 1 173 K, the so-called softening behavior is clearly observed in accordance with the occurrence of dynamic recrystallization at the compressive strain of around 1 and the completion at the compressive strain of about 2 as described in terms of the microstructural evolution in Fig. 4 . However, the softening cannot be distinctly observed at lower deformation temperatures. Continuous hardening by the compressive strain at 1 073 K and 973 K demonstrates a feature of the characteristic microstructure or REG microstructure. In other words, the REG evolution is a process that is totally different from dynamic recrystallization. Figure 8 summarizes the experimental results showing the microstructural evolution map in the Ni-30Fe alloy by the compressive strain, the deformation temperature, and the strain rate. The numbers in the parentheses stand for the mean sizes of the equiaxed grains.
The DRX region exists at a higher deformation temperature and at a larger compressive strain for either of the strain rate and is suppressed at the lower deformation temperature and at the high strain rate. The REG microstructure appears when the compressive strain is larger than 3.2, and spreads to a higher deformation temperature regime at the high strain rate. In other words, the REG microstructure appears instead of the DRX one when the deformed austenite does not complete the dynamic recrystallization before the compressive strain reaches 3.2. 
Discussion
During hot deformation and restoration process of metallic materials, the microstructural evolution depends on the Zener-Hollomon parameter (Z), in which the strain rate and the deformation temperature are incorporated into a single parameter as follows: 15) . Many studies have shown that critical strains are necessary to initiate or complete the DRX and such critical strain increases with increase in the Z value.
15) The map in Fig. 8 is consistent with such feature of the dynamic restoring process. Namely, a higher strain is necessary for the DRX with a decrease in the deformation temperature or an increase in the strain rate. Figure 9 replots the grain sizes of the equiaxed microstructures obtained in the present study as a function of the Z parameter together with the similar data for the SUS304L steel by Salvatori et al. 14) and Maki et al. 16) Their data were for the DRX grains of the SUS304L steel. It is interesting that the empirical equation suggested by Salvatori et al. 14) shows a good fit with the present results as far as the DRX is concerned. The data for the REG deviates from the empirical equation remarkably, and the subgrain sizes of REG show a relatively better agreement with the empirical equation than with the data for the REG. Furthermore, Fig. 9 shows that the deviation occurs when the Z value is over the limit value which is calculated by the empirical equation of Salvatori et al. 14) for the 99% DRX with a compressive strain of 4.9. This suggests that the mechanism of the REG evolution is different from that of the DRX case.
For a better understanding of the REG evolution, attention should be given to the elongated grains with lots of serrations on the boundaries. Figure 10 shows the serrated boundary of the austenite deformed at 1 073 K with a compressive strain of 0.55 and 4.9 at a strain rate of 10/s. The serration is shown to be developed, and its amplitude becomes of several micron order with an increase in the compressive strain. The thickness of the elongated grain becomes smaller with an increase in the compressive strain. Hence, the serration amplitude becomes comparable to the thickness of the elongated grain with a certain amount of the compressive strain. Then the serrated boundaries may impinge on each other (marked by arrows) to form the equiaxed grains. For Al and Al-Mg alloys, McQueen et al. 17) and Drury et al. 18) showed that the interpenetration of the serrated grain boundaries could result in microstructures consisting of equiaxed grains. The phenomenon of equiaxed grains evolving without the discontinuous recrystallization process is called 'geometric recrystallization' 15) or 'grain refining dynamic recovery'.
17)
The following relationship is usually adopted for determining the thickness of the pancaked austenite grain (TH g ) corresponding to the compressive strain (e): (4) where K is a constant, D o is the initial grain size and D is the subgrain size or dislocation cell size during deformation.
Assuming that K is related to the ratio of the subgrain or the dislocation cell size to the maximum amplitude of the serration in the grain boundary, Eqs. (3) and (4) have the same physical meaning, namely that critical compressive strain is needed to reduce the thickness of the austenite grain to the level of the maximum amplitude of serration in the grain boundary. Since the geometric recrystallization process originates from the interpenetration of serrated boundaries, it is plausible that there is a critical compressive strain reflecting the serration amplitude and the initial grain size.
The value of K was evaluated by measuring the maximum amplitude of the serration at the grain boundary and the size of the dislocation cell. The maximum amplitudes of serration at the deformation temperature of 1 073 K were evaluated by optical microscopy to be 7.8 mm and 5.5 mm at the strain rates of 0.1/s and 10/s, respectively. Figures 11(a)  and 11(b) show TEM micrographs of the specimens deformed at 1 073 K at a strain rate of 0.1/s and/or 10/s. The sizes of the dislocation cell are about 0.9 mm and 0.6 mm at the strain rate of 0.1/s and 10/s, respectively. At 973 K the size was slightly smaller. The critical strain and the inverse K value calculated from the above-mentioned data are shown for each strain rate in Fig. 12 . For simplicity, the measured maximum amplitude and the dislocation cell size at 1 073 K are also assumed to be applicable at the other temperatures. Actually, the size of the dislocation cell is slightly smaller at 973 K; therefore, the critical strain will be slightly increased for the deformation temperature of 973 K. The inverse K value indicates how many dislocation cells exist within a serration at the deformed boundary. As shown in Fig. 12 , one serration at the deformed boundary is estimated to contain 8.7 and 9.2 dislocation cells at the strain rate of 0.1/s and 10/s, respectively. The present result is consistent with the report by Konopleva et al. 19) that a serration at the deformed boundary is intersected by 4-8 subgrains. Eventually, the critical compressive strain for the commencement of geometric recrystallization is calculated to be 2.9 and 3.2 at the strain rate of 0.1/s and 10/s, respectively. As shown in Fig. 12 , the calculated critical compressive strains show good agreement with the observed microstructural evolution which validates the occurrence of geometric recrystallization as the principal process for the microstructural evolution at a low temperature and a high strain condition.
Conclusion
The microstructural evolution of a Ni-30Fe alloy was investigated under various strain, strain rate and deformation temperature. The deformed austenite evolves into a dynamically recrystallized structure by a compressive strain of 4.9 at a strain rate of 0.1/s at deformation temperatures of 1 073 K and 1 173 K or at a strain rate of 10/s at 1 173/K. In contrast, a recovered structure consisting of equiaxed grains with substructures of deformation bands and of dislocation cell appears at a strain rate of 0.1/s at 973 K and at a strain rate of 10/s at 973 K and 1 073 K. The interpenetration of the serrated grain boundaries of the austenite, socalled geometric recrystallization, is suggested for the evolution of the recovered equiaxed grains.
